Crosses were made to investigate whether males of Locusta migratoria perform cryptic reproductive investment by means of the transference of proteinaceous nutrients to females and eggs and, if so, the dynamics with which these substances are incorporated into the receptor individuals. The results show that males transferred very significant amounts of a mixture of 16 amino acids, radioactively labelled with '4C, through the ejaculate and that females transferred these to the eggs they subsequently laid. Whereas radioactive label in male and female haemolymph was only dependent on time from male injection (negatively and positively correlated, respectively), ejaculate nutrient transfer to the eggs was positively correlated with the time from first mating. The amount of radioactive amino acids transferred to females in the ejaculate with the first mating increases with the number of days since the male was injected with the radioactive solution, which suggests that it is dependent on the time available for their incorporation into the ejaculate. The amount of ejaculate nutrients transferred to the eggs was dependent only on the number of copulations of the female with the injected male before laying. Male nutrients appear to be incorporated into eggs proportionately to their concentration in the female, suggesting a generalized investment. These results are discussed in relation to the expectations of parental investment theory on mating behaviour and confidence of paternity.
Introduction
Relative parental investment (P1) of both sexes in their offspring can be a good predictor of sex roles during mating behaviour (Trivers, 1972; Thornhill, 1976) . In this theory, the sex that invests more (usually the female) is a limiting resource for the other sex (usually the male) and thus is the choosy sex; the other sex has to compete for mates. In some species, the male contribution to the offspring is more than simply the transference of his genes. The most obvious form of male PT is parental care (Clutton-Brock, 1991) . Male parental care is frequent in birds and mammals but is very rare in insects. On the other hand, nuptial feeding is frequent in insects (Gwynne, 1981; Sakaluk, 1984) and varies in degree. For example, males capture prey for the female in scorpionflies, produce large external spermatophores in tettigoniids that are eaten by the female, or else in praying mantids the males themselves are eaten by the female after mating (Trivers, 1985) . *Corl.espondence tCurrent address: Departamento de Genética, Facultad de Ciencias, Universidad de Granada, 18071 Granada, Spain.
Male reproductive investment (RJ) in the form of nutrients in the ejaculate that are contributed to the offspring is less conspicuous and this is especially relevant in insects with internal spermatophores such as grasshoppers (Friedel & Gillot, 1977; Butlin et al., 1987) , butterflies (Boggs & Gilbert, 1979; Rutowski et al., 1983) , cockroaches (Mullins & Keil, 1980; Mullins etal., 1992) and Drosophila (Markow & Ankey, 1984 , 1988 Pitnick etal., 1991) .
The influence of these types of male Ri on sexual selection and sexual differentiation is dependent on various ecological factors, such as population density (Gwynne, 1984a) and diet (Gwynne, 1984b (Gwynne, , 1990 Butlin etal., 1987; Simmons & Bailey, 1990; Mullins et al., 1992) .
Locusta migratoria, the migratory locust, is very important economically where it swarms over agricultural land across Africa. In the course of a current research programme on its population biology certain questions emerged concerning the reproductive biology of this species. For instance, Parker & Smith (11975) reported that in Locusta the first male to copulate with a female blocks effective sperm transfer of subsequent males by means of a plug. As this plug is eliminated by the female at the next laying, and the following male to copulate with her will have precedence for fertilization and will leave a new plug, Hewitt eta!. (1989) considered L. migratoria as a species with single-male fertilization. This could generate high paternity confidence for males if they are able to recognize females lacking a plug (whether virgin or not). It has been argued that adaptations to reduce sperm competition, and thus assure paternity, should be especially prevalent in those species with males providing benefits to females (Gwynne, 1984c) . Consequently, L. migratoria males would seem good candidates for reproductive investment, perhaps cryptically, by means of ejaculate nutrient transfer, because it is a species with an internal spermatophore.
The purpose of the present report is to test this possibility by injecting radioactive amino acids into males and trying to detect them in the females with which they have copulated and in the eggs these females subsequently lay. Furthermore, we have made estimations of male RI by calculating the amount of radioactive label transferred to the female and to the eggs and from weighing males and females pre-and post-copulation. Finally, we analyse the dynamics of ejaculate nutrient transfer from males to females and eggs by investigating its relationship with factors like number of matings or time from the injection of males.
Materials and methods
Specimens of Locusta migratoria were collected at Armilla (Granada, Spain). Females were collected when they were last-instar nymphs and were maintained separate from males in the laboratory to ensure their virginity. All males used in ejaculate nutrient transfer experiments were first placed with females (that then were discarded from these experiments) to discharge their sperm and accessory products. When all males had copulated, they were each injected with 30 u L of a solution containing a mixture of 16 different amino acids radioactively marked with 14C: Lalanine (9.5 per cent), L-arginine (6.9 per cent), One day after each mating a sample of haemolymph was taken from both the male and the female. A total of three samples per cross was taken in the majority of crosses and four samples were taken in cross no. 3.
One or two egg pods (about 50 eggs each) were obtained from each experimental cross in order to sample eggs for the presence of radioactive amind acids and six egg pods were analysed from control crosses. For this purpose, cages were provided with sterilized sand that was checked daily for the presence of egg pods.
Haemolymph samples of 10 ,uL from females and 5 1u L from males were transferred to a piece of filter (Dixon, 1990) .
Results
The samples of experimental female haemolymph showed a median radioactive count (37.6, N = 10) significantly higher than from control ones (4.0, N=6) (Mann-Whitney test: U = 60, P = 0.001). Likewise, experimental eggs showed a median radioactive count (253.1, N= 9) significantly higher than control eggs (7.2, N = 6) (U = 48, P = 0.013). Thus, experimental L. migratoria males transferred clearly demonstrable amounts of radioactive amino acids to the females through the ejaculate and these were incorporated into the eggs that females subsequently laid.
To investigate the dynamics of ejaculate nutrient transfer we have performed a series of Spearman rank correlation analyses on the number of days from injection or from first mating and the number of matings.
They were always correlated to the amount of radioactivity (counts per mm) and the analyses were 
Significant correlation coefficients are noted in bold. First and second samples in eggs corresponded to the first and second egg pods.
performed on the experimental crosses. The results are given in Table 1 and show that the counts in male haemolymph were negatively correlated with the number of days from injection with the radioactive solution but it was significant in the third sample only, at which time the males had performed three or more matings. In female haemolymph, the only significant correlation detected was of radioactive signal with the number of days from injection of the male with which they mated (Table 1) and it was positive. The correlation was apparent only in the first female haemolymph sample, taken after the first mating.
There could be accumulation and concentration of label in the spermatophore in the male during this time (injection to mating) with the consequent removal from his haemolymph, leading to a difference between radioactive signals in females mating soon after injection and those mating later. In subsequent samples, perhaps the incorporation of radioactive amino acids to other female tissues (including ovaria and eggs)
impeded the observation of such a correlation. The results clearly show that there is incorporation of radioactive amino acids into the eggs and this is important because it indicates direct male reproductive investment. Spearman rank correlations in Table 1 show that radioactive signal in the eggs is significantly and positively correlated with the number of days from the first mating, which indicates that mating marks the beginning of the incorporation of radioactive amino acids into the eggs and that it progresses through the experiment.
In conclusion, our results demonstrate the existence of a flux of radioactive amino acids from male haemolymph to the spermatophore, to female haemolymph through the ejaculate and to the eggs. While female haemolymph is presumably a transient place for the ejaculate nutrients, their most interesting destination, from an evolutionary point of view, is the eggs.
Estimation of the proportion of radioactive amino acids transferred to females and eggs
The proportion of radioactive amino acids transferred to females during copulation may be an estimator of ejaculate size and this approach was employed by Pitnick et a!. (1991) who calculated ejaculate size in Drosophila species as the percentage of a male's total premating '4C radiolabel that is transferred during copulation. They simply divided the radioactive signal detected in whole females by the signal detected in whole males prior to copulation. We have used a similar approach but based on haemolymph samples instead of whole individuals and corrected for differences in size between males and females and for the amount of haemolymph tested (1 drop in males and 2 drops in females). If amino acid incorporation into the ejaculate after injection takes time, then some males may have more radioactivity in the spermatophore than others, simply depending on the time since they were injected. Thus, to calculate ejaculate size (ES) from radioactive amino acids transfer it is necessary to assume that radioactivity incorporated into the spermatophore/ejaculate is equilibrated. We have also considered the following.
1 Females are bigger than males, so that a certain amount of radioactive amino acids transferred with the ejaculate will be more diluted in female haemolymph than in male haemolymph. This may be corrected by including the mean weight of males and females in the calculation of ES.
2 Samples of haemolymph were double the size in females (10 giL) than in males (5 1uL) and these measures can be converted to weight by assuming a
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density similar to H20 for the radioactive solution.
3 For the calculation of ES we will consider that the total count in the male before copulation is equal to the sum of counts in the male and the female after the first copulation. Thus, ES is equal to the quotient between the count in the female and the total count in the male before copulation: by extrapolating Cf from the temporal change of female counts over the three samples taken. Table 2 shows the resulting values of e calculated by this procedure. They varied from 0.28 per cent to 52 per cent (median = 22.9 per cent) and this variation was positively correlated with the number of matings (Spearman rank correlation: r = 0.5156, P = 0.0492, d.f. = 13) but not with the number of days since the male .f. = 13). Thus, incorporation of radioactive amino acids into the eggs seems to be directly dependent on the number of copulations (Fig. ib) . Finally, the ratio of egg pod weight to female weight was calculated by multiplying the number of eggs in a pod by the mean weight per egg (0.008 13 g) and dividing by the mean weight per female (2.19942 g). The median ratio was 15.89 per cent and a sign test (P = 0.30) demonstrated that this variable did not differ significantly from A (22.9 per cent). This indicates that radioactive amino acids do incorporate in the eggs in the amount expected from their weight relative to that of the female and suggests the possibility that spermatophore nutrients are not specifically incorporated into eggs more than into other parts of the female.
Estimating ES by weighing
Ejaculate size can also be estimated by weighing the male and female in a mating before and after copulation. ES is the increment in weight of the female after copulation divided by the weight of the male before copulation. The median ES obtained from eight crosses was 3.0 per cent.
Discussion
Sperm transferred to females is accompanied by a constellation of different substances in the ejaculate whose biological roles are mostly unknown. Among these substances there are anti-aphrodisiacs in butterflies (Gilbert, 1976) and Drosophila (Gromko et al., 1984) , substances stimulating egg production and laying in Drosophila (GarcIa-Bellido, 1964 ) and other proteinaceous substances that serve as nutrients and are incorporated into the eggs in grasshoppers (Friedel & Gillot, 1977; Butlin et al., 1987 ; this paper), butterflies (Boggs & Gilbert, 1979; Boggs, 1981; Rutowski etal., 1983) and Drosophila (Markow & Ankey, 1984 , 1988 Pitnick et al., 1991) . There is no doubt that these nutrients can represent a kind of male RI since it has been demonstrated that multiple mating enhances female fecundity in the grasshopper Chorthippus brunneus where nutrient transfer was also proved (Butlin et al., 1987) and because providing the spermatophore with nutrients represents a cost to the male (Gwynne, 1984c (Gwynne, , 1990 .
The results of our present experiments clearly show high male reproductive investment in L. migratoria in the form of proteinaceous nutrients; radioactive amino acids injected into males are detected in the females with which they mated and in the eggs subsequently laid.
Furthermore, we detected a flux of radioactive amino acids from male haemolymph to the spermatophore, to female haemolymph through the ejaculate and to eggs. Whereas female haemolymph is presumably a transient place for the ejaculate nutrients, their most interesting destination, from an evolutionary point of view, is the eggs, as it provides a way for males to perform cryptic investment in offspring. The main factor influencing transfer to eggs is mating frequency, which is positively correlated with the proportion of radioactive amino acids transferred to eggs (A e). Butlin et at. (1987) demonstrated that multiply mated females of the grasshopper Chorthippus brunneus showed higher fecundity than singly mated females. Furthermore, they showed that this effect was more apparent with restricted food and they also demonstrated nutrient transfer with the ejaculate in this species. Our present results in L. migratoria demonstrate that this kind of male investment to the eggs is directly dependent on mating frequency because they are positively correlated.
Ecological factors may also affect the amount of nutrients transferred, as recently demonstrated by Mullins et at. (1992) in cockroaches. They observed in a radiolabel experiment (similar to ours) that females maintained on a 5 per cent protein diet received from males more than three times as much 3H-leucine in their bodies and oothecae as those maintained on a 25 per cent protein diet, even though they spent the same time in producing oothecae. The importance of diet indicates that ejaculate nutrient transfer is more important in populations with low protein diets and predicts that females should mate more frequently in low diet situations than in populations with abundant food. This has recently been demonstrated by Gwynne (1990) in the tettigoniid Requena verticalis, a species with an external spermatophore, where low quality diet produced an increase in mating frequency in females but a decrease in males. This therefore also indicates that producing a spermatophore is costly to the male, particularly when food is scarce. In this species it has also been demonstrated that nuptial feeding increases female reproductive success in low protein diet conditions (Gwynne, 1984b) .
Our estimate of ejaculate size in L. migratoria has been made by comparing radioactive label in the same tissue (haemolymph) from the male and female after one mating and correcting for differences in weight and sample amount between sexes. The values obtained have proved to be positively dependent on the number of days since the male had been injected with the radioactive solution, thus indicating that they are dependent on the time available for the incorporation and accumulation of radioactive amino acids into the ejaculate. Despite this, our estimations of ejaculate size (from This difference between amino acid label and total weight would be expected if the ejaculate comprised some 28 per cent protein. Interestingly, Rutowski et at. (1983) made a direct calculation of ejaculate size in ten species of butterflies by weighing, after mating, both the male and the spermatophore that was extracted from the female. Their results varied among species and ranged between 3.4 per cent and 10.8 per cent, the lower end of which compares well with our weighing estimate for Locusta. Consequently, the difference between the results obtained by means of radiolabel experiments and weighing would seem to be due to total ejaculate size being underestimated by radiolabelling of the protein component. Variation between species may reflect phylogenetic differences among these insect orders, a factor that was also apparent from the investigation of Pitnick et at. (1991) on species of the Drosophita nannoptera group. These may also involve differences in protein composition.
The amount of radioactive amino acids transferred to the eggs in experiments was very variable among pods (from 0.28 per cent to 52 per cent of that present in female haemolymph) and was positively dependent on the number of copulations performed by the female with the injected male. This amount (median 22.9 per cent), however, was not significantly different from that expected from the egg/female ratio (median 15.89 per cent), which indicates that the eggs receive amounts of radioactive amino acids that are proportional to their relative weight. This suggests that nutrients derived from the male are not differentially incorporated into the eggs compared with other female parts. This does not necessarily mean that ejaculate nutrients are irrelevant as RI in this species because they may increase fecundity as much as in other species (Butlin et at., 1987) , but rather suggests that no specific mechanism has evolved to incorporate male nutrients into the eggs: they seem to spread through the body and are incorporated along with female-derived nutrients. Thus the ejaculate's role as a reproductive investment in this species is to improve the female's condition by providing extra nutrition which she may use generally. As her main task at this time is to lay eggs, such nutrients would be expected to increase fecundity. It will be interesting to discover how many species have such a generalized nutrient investment and which, if any, have evolved specific incorporation mechanisms.
The only precedent in calculating the amount of radioactive amino acids transferred to the eggs is that performed by Mullins et al. (1992) would be expected on the basis of P1 theory (Trivers, 1985) in a species with high paternity confidence for males. This species shows two adaptations favouring paternity assurance: (i) copulation is very prolonged (about 24 h in our experiments), and (ii) males provide females with a plug during copulation that prevents effective sperm transfer by other males. The plug is lost during the following egg pod laying, after which the next male copulating will gain precedence (Parker & Smith, 1975) . If high paternity confidence is operating effectively in L. migratoria, then 'bourgeois' (see Maynard Smith, 1989) could be the only evolutionarily stable strategy for mating behaviour of males during each egg pod cycle, so that if a female is placed simultaneously with two males, most matings should be performed with the first male copulating with her.
